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1. INTRODUCTION 

Most of the electrical system of a building is becoming more advance in its operation due to its 
dependency on information and communication technology (ICT) that has increased in coming years. System 
failures caused by a single major harm originated from ICT will also instigate to a massive disaster to the 
society and economic of a country [1-6]. An electrical component operating having the criteria of high 
reliability is one of the reasons that it needs to be protected especially under the environment of ICT 
utilization. Hence, it is important to make sure that the communications buildings and data centers that 
operate ICT equipment needs to be stable, supplied by good power quality and without interruptions from the 
electrical supply system. Most of the buildings may have installed with ICT that have to be supplied by the 
power source without interruption. Usually, this type of building is operating with backup power sources 
such as uninterruptable power supplies (UPS). Therefore, a building having a backup power supply system 
needs a good planning that must be taken into consideration [7-12]. This can be achieved with the reliability 
assessment for every electrical component of battery storage, inverter, switch, commercial power supply and 
engine generator. 

Hence, the Markov model is customarily used to analyze the reliability of a power supply integrated 
with the battery storage. This method is widely used in reliability analysis of repairable components. 
Reliability can be defined by a complex relationship of design, environment, test equipment, and 
maintenance skills amongst other influential factors [13-15]. There are numerous researches concerning with 
the utilization of Markov model for analyzing the reliability of power system and its components [16-18]. 
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The continuous-time Markov chain is normally used in the reliability assessment of battery storage integrated 
with power supply system of a building. Reliability problems in power systems are usually occurred based on 
discrete in system and continuous in time. This is the reason that continuous-time Markov chain is suitable 
for reliability analysis of battery storage integrated with power supply. Electrical parts like generator, 
rectifier, inverter, and uninterruptable power supply (UPS) tend to have problems continuously in it states 
until a transition occurs which change the problem discretely to another state. A Markov chain is a 
mathematical system involving the transitions from one state to another according to certain probabilistic 
rules. The Markov chain is basically constructed based on the states of the Markov model. Every state 
consists of failure rate and repair rate and it is determined by observation in a specific time [13-15]. There are 
two types of configuration of reliability which are series and parallel systems. For series systems, it only can 
function properly if all of the components involved function properly. In contrast with the parallel systems, 
other components are still operating during which the other component is failing to operate. In other words, 
the whole system will not operate when there is failure for all of the components. Block diagram of power 
supply system for AC feeding as shown in Figure 1. 


CS: Commercial Power Supply 
EG: Engine-generator set 

SW: Switchgear 

UPS: Uninterruptable power supply 
BATT: Battery 





Figure 1. Block diagram of power supply system for AC feeding 


An uninterruptible power supply (UPS) and standby generators are usually integrated with the 
power supply installed in a building [19-22]. In designing and planning the backup power supply system, it 
has to be installed with highly cost-effective investment. UPS system is widely used to make sure the power 
quality and sustainable power supplied to the electrical system of a building. It is possible to equip the UPS 
with long battery back-up time and small in its sizing. UPS systems with a longer lasting of battery back-up 
time can provide both quality and reliable power backup to the electrical system of a building [23-25]. A new 
method for calculating the unavailability Usys and failure frequency of power supply system with backup 
storage battery is introduced to achieve a precise result. By using the same power supply system 
configuration, the operation of the state transition is changed so that a better calculation can be made. In 
contrast to the basic approach, the new approach has the transition where the backup battery storage has to be 
recharged when exceeding the backup time before continue repairing the interrupted components. On the 
other hand, the new method gives an accurate value for the calculation of the unavailability Usys and failure 
frequency. 


2. RESEARCH METHOD 

This section will explain on the calculation of continuous-time Markov chain that used to determine 
the unavailability of a power system and also the reliability assessment of battery storage operating condition 
used at a specific backup time. The following subsection will describe thoroughly on the calculation of 
Markov chain required for reliability assessment of battery storage integrated with power supply system. 


2.1. Power supply system with backup battery storage 

In this section, the evaluation of reliability for a power supply system is introduced by applying the 
Markov process method which includes the reliability assessment of battery storage. Markov process is a 
method that uses the state transitions for failures for every component involved in order to create a Markov 
diagram and a set of probabilities that can be generated for every state transition the reliability evaluation. It 
is important to consider the backup time for the operation of battery storage. Figure 2 shows the 
configuration of power supply system with backup battery storage. From the configuration, failure mode for 
every component in the system is classified and represented into reliability blocks shown in Figure 3. For the 
CS/EG block, it represents the commercial power supply parallel with emergency engine generator. Then, 
block A, B and C represent as the UPS components and the failures that affect each block are presented in 
Table 1. By referring Figure 3, CS/EG and block A, and also battery and block B is connected in series. The 
two branches are connected to a junction and is series with block C. 
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Table 1. Components for each block of power supply system with backup battery storage 








Blocks Main Failure Mode 
CS/EG Outage, Start-up failure 
A Thyristor (open), MCCB, Filter 
B Thyristor (short), Inverter 
Cc MCCB, Filter, Reactor 





Maintenance bypass 


ee] 





Figure 2. Power supply system configuration Figure 3. Reliability block diagram of power supply 
with backup storage battery system with backup battery storage 


2.2. Reliability calculation for the power supply system with backup battery storage 

The reliability calculation for the power supply system with backup battery storage is comprised 
with the transition of failure for every block that falls under two conditions and this refers to FigError! 
Reference source not found.ure 3. The first condition is the transition where the failure occurs at block a but 
there is still power supplied from the backup battery storage via block B shown in FigError! Reference 
source not found.ure 3. This first condition is represented by state transition P2 shown in FigError! 
Reference source not found.ure 4. The second transition is where the failure happened at block A and 
battery storage exceeds the backup time shown in FigError! Reference source not found.ure 3. This state of 
transition falls under block P3 shown in FigError! Reference source not found.ure 4. For this type of 
interruption, the failure rate is derived from an equation that depends on the battery storage backup time as 
given in (1). Prior to the aforementioned two conditions, the state transition Pl represents as there is no 
interruption of power supply. In FigError! Reference source not found.ure 3, the transition from state P3 
toP1 happened when block A is repaired without recharging the battery storage that exceeds the backup time 
as shown in FigError! Reference source not found.ure 3. In FigError! Reference source not found.ure 4, 
the repair rate of wz; is set for the transition from P3 to P1. In particular, the transition from P2 to P3 is set to 
be a and from P2 to Pl is set to be 6). On the other hand, the operation of state transition from P6 to P7 is 
relatively similar to the state transition from P2 to P3 shown in FigError! Reference source not found.ure 
4. The only difference is that the failure is occurred at CS/EG block and there is still backup supply from 
battery storage that flows through block B shown in FigError! Reference source not found.ure 3. In 
FigError! Reference source not found.ure 4, the transition from state P6 to P7 is happened when the 
operation of battery is exceeding the backup time during the failure of at CS/EG block that refers to 
FigError! Reference source not found.ure 3. Therefore, the failure rate is referred as a2 for the state 
transmission from P6 to P7, and the state transition from P6 to P| presented by /2. In FigError! Reference 
source not found.ure 4, the transition from state P7 to Pl happened when CS/EG block is repaired without 
recharging the battery storage that exceeds the backup time as shown in FigError! Reference source not 
found.ure 3. In FigError! Reference source not found.ure 4, the repair rate of 4 is set for the transition 
from P7 to Pl. Therefore, the failure rate for state transition from P2 to P3, and also from P6 to P7 can be 
computed by using (2) and (3). 

From (2) and (3) are derived from (1). The failure rate, for all the state transitions is given as from 
the manual data. The repair rate of 1: and £ for all the state transitions are calculated by using the equations 
which will be discussed in Section II.C. In other situation whereby CS/EG and block A is operating, while 
block B is in failure, hence the three-phase system is still receiving the electric supply from the CS/EG. This 
can be referred to Figure 3. Therefore, the state transition from P1 to P4 shows the failure of block B and 
vice-versa as depicted in Figure 4. In Figure 3, the failure of block C may cause to a complete interruption of 
electrical supply to the three-phase system. The failure of block C is represented by the state transition from 
P1 to PS shown in Figure 4. By repairing block C, the CS/EG or backup battery storage will supply the power 
to the three-phase system depicted in Figure 3. Hence, by repairing the block C, the state transition from P5 
to P| is incurred and it can be observed in Figure 4. 
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Figure 4. Markov chain diagram of power supply system with backup battery storage 


The Markov chain diagram for the power supply system with backup battery storage given in 
Figure 4 is used to derive the transitional probability matrix given in (5). Then, the transitional probability 
matrix is used to calculate the probability of every state. 


P3 Sp wace#M dt —— e(-HaT) 


Po fu geeHMat — 1-eC Hal) (1) 
»e(-HaT) 
_ Hace 
a = CHD (2) 
oe ucsjeg: e KCS/EG™) 3) 
2 ye Hcs/EGT) 

B=u (4) 

(5) 


The failure frequency for the system can be referred to the state transition to a total failure that is 
from P2 to P3, P1 to PS, and P6 to P7. 


2.3. Estimation of repair rate, 1 

Table 2 represents the failure rate 1 for every state transition shown in Figure 4. The repair rate for 
state transition is estimated based on the mean time to repair (MTTR) given in equation (6). MTTR is defined 
as the average time needed to repair any components that are failed to operate and return back to normal 
operating conditions [7]. 





Ls — (repair / hour) (6) 


The MTTR for CS/EG is assumed to be 10 hours for every repair condition, and for block A, B and 
C are assumed to be 5 hours for every repair condition. The MTTR for battery is estimated to be 2 hours of 
repair condition. Therefore, the repair rate for each block can be calculated by using the following equations. 

Ucsjeq = — = 0.1 (repair /hour) (7) 
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Bape = 35> 0.2 (repair/hour) (8) 


1 : 
Hepattery = 5 = 0.5 (repair/hour) (9) 


Table 2. Failure rate 1 for every state transition 





Blocks Failure rate 2 

CS/EG 2.5 x 1073 
A 7x1077 
B 3x10-5 
Cc 9x1077 





The obtained repair rates yz and failure rates 1 will be used in the state transition matrix of Markov 
chain in (5) to calculate the probabilities of every state. 


2.4. Improved reliability assessment of power supply system with backup battery storage 

This section illustrates a new approach used to design the Markov chain diagram that represents the 
changes in the operation of power supply system with backup battery storage. Therefore, changes of Markov 
chain diagram from Figure 4 can be seen in Figure 6. By referring to Figure 4, the only changes made are 
referring to the state transition from P3 to P1, and also from P7 to P1. This means that the state transition is 
changed from P3 to P2 and also from P7 to P6 shown in Figure 6. In Figure 6, the state transition from P3 to 
P2 resemblance during the failure of block A and battery, the battery is given enough time to recharge and 
then it is connected to the system once the components in block A is repaired and this referring to Figure 3. 
Therefore, the new state transition between P2 and P3 can be observed in Figure 5 and Figure 6. 


ha a ase 
—_ > 

Pt a = © 
La ua [lpatery 


Figure 5. Markov chain for the new state transition between P2 and P3 


By referring to the Markov chain diagram shown in Figure 5, the stochastic transitional probability 
matrix for the new state transition between P2 and P3 is given in (10). 


1 = da da 0 
P= Ha 1 (Ha + Asattery) A Battery (10) 
0 LUpattery 1- Upattery 


The new state probability P1, P2 and P3 given in (11), (12) and (13) are derived from (10). 


HA 





Pi = 11 

1 Gata) (11) 

P= AA LBattery (12) 
? (AatHa) Apatteryt+HBattery) 

P. = ABattery (13) 


~ ApatterytHBattery 
From (14), (15) and (16) are derived directly from the Markov chain diagram given in Figure 5. 


A,P1 = ugP2 (14) 
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(Asaieey + Ma)P2 =A,P1 + UegatteryP3 (15) 


Leattery?3 = ApatteryP2 (16) 
Solve (10) to determine the battery failure rate, Agattey, Which depends on the backup time given 
in (17). From (17) is basically originated from (1). 


- T 
P3 uBattery * ¢ HBatteryT) 


Apattery = Upattery * P2 1_eHBatteryT) (17) 


Ls gray 
wc Block A 
= Downe 


a | )= P4 } Block B 


> | ; 
96 ) P5 Block C 


4 }eee }& Commercial Power 
Hoey Supply (CS) / Engine 
Generator (EG) 


Px : without interruption of power supply. 


Px : with interruption of power supply. 


Figure 6. A new Markov diagram for power supply system with backup battery storage 


It is worth to mention that the state transition is also changed from P7 to P6 shown in Figure 6. In 
Figure 6, the state transition from P7 to P6 shows during the failure of CS/EG and battery, the battery is 
given enough time to recharge and then it is connected back to the system once the CS/EG is repaired and 
this referring to Figure 6. 

The stochastic transitional probability matrix for the for the new Markov chain of power supply 
system with backup battery storage is given in (18). 


1-(Ay + Ay + Ae + desing) Ay 0 Ay Ac Aesize 0 
, 1=(Hy+Apsney) — Ananey ~=«s« 0 7 
0 Maren 1=Upeney 0 0 0 0 
P= Ly 0 0 l-u, 0 0 0 
Le 0 0 0 l- 0 0 
Hesiec 0 0 0 0 1 (Hesieg + Anatiery ) Asauery 
0 0 0 0 0 Heatery 1 Apanery (18) 


The probability for every state is used to calculate the risk of the system and is given in (19) until (25). 


HA HB EC ECS/EG 
P, = 19 
: AatHa)AptuB)Actuc)Acs/eGtHcs/EG) i) 
Aa UBattery 
P, (20) 


QatHa)Apatteryt+HBattery) 
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= ABattery 
P3 = ——————— 
Apatteryt+UBattery 
(21) 
AB 
Pi, = 22 
4 (pti) (22) 
Ac 
P. = 23 
5 Actue) (23) 
= Acs/EG UBattery (24) 
Qcs/eGtUcs/EG)ABatterytHBattery) 
P, _ Agattery (25) 


Apattery+UBattery 


The unavailability of the three-phase system, Us,;, is the sum of the probabilities of state facing 
complete failure. The complete failure is happened when there is no power supply because of the battery 
storage exceeding the backup time during the failure of CS/EG, block A or block C that refers to Figure 3. 
For this situation, the U;, calculated by referring to the summation of P3, P5 and P7 representing as a 
complete failure for the three-phase system given in (26). 


Usys = P3 + P5+P7 (26) 


The failure frequency for the system can be referred to the state transition to a total failure that is 
from P2 to P3, P1 to P5, and P6 to P7 given in (27). 


if = fra F fre al fre = P1(Ac) + P2(Apaetcry) Hs P6(Agattery) (27) 


3. RESULTS AND ANALYSIS 

This section will discuss on the reliability assessment based on the unavailability and failure 
frequency for both of the basic and improved Markov chain of power supply system with the backup battery 
storage. The probability for each state of the basic Markov chain and the new Markov chain of power supply 
with the backup battery storage and the calculated value is tabulated in Table 3. The total probability of basic 
approach of power supply with the backup battery storage is obtained in a large value that is 7.55 x 101° and 
this concept is incorrect since the value should be limited to a unity value. Therefore, an improved version of 
Markov chain for power supply with the backup battery storage is introduced and is shown in Figure 6. 


Table 3. Probability for every state of basic and improved Markov chain for power supply 
with the backup battery storage 








State Probability of the basic method Probability of the improved 
(p.u.) method (p.u.) 

Pl 0.975 0.975 

P2 7.545 x 107° 14x 107° 

P3 5 8.194 x 107*° 

P4 1.5 x 1074 15x 10-4 

PS 4.5 x 107° 4.5 x 1076 

P6 1.601 x 10’ 0.024 

P7 10 8.194 x 107*° 





By using (26) that refers to the basic approach of power supply with the backup battery storage, the 
calculated unavailability for the operating condition of three-phase system is 15 and this is referring to the 
battery backup time of 3 hours. By using (26) that refers to the improved approach of power supply with the 
backup battery storage, the unavailability for the operating condition of three-phase system is 4.5 X 107° and 
this is also referring to the battery backup time of 3 hours. The variation of Us,; at every time interval for both 
basic and improved approach of power supply with the backup battery storage can be observed via Figure 7 
and Figure 8. 
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Figure 7. Variation of U,,; at every time interval for _—- Figure 8. Variation of U,,s at every time interval for 
the basic approach of power supply with the backup the improved approach of power supply with the 
battery storage backup battery storage 


The results signify that the improved approach of power supply with the backup battery storage 
provides a persuasively accurate result of U;,; in contrast with the peculiarities large value in the result of Us; 
obtained based on the basic approach of power supply with the backup battery storage. The failure frequency 
of 2.439 x 107? and 8.779 x 1077 for the basic and improved concept of power supply with the backup 
battery storage are obtained, respectively. The failure frequency value of 8.779 x 1077 is chosen because it 
is obtained based on the accurate estimation of total state probability and U;,, determined by referring to the 
improved approach of power supply with the backup battery storage. 


4. CONCLUSION 

This paper has presented an improved method of Markov chain in evaluating the reliability of power 
supply system with backup battery storage. The unavailability and the failure frequency have been evaluated 
by implementing the continuous-time Markov chain for both basic and improved approach of power supply 
with the backup battery storage. The calculated unavailability for the new Markov chain of power supply 
system with backup battery storage is 4.5 x 107°. Unlike the basic method, the new method presents that it 
is improved to get an accurate result for the unavailability of the system. The improved method also gives a 
better result of failure frequency with computed value of 8.779 x 107’ The changes of the operating 


transition where the battery has to be charged after exceeding the backup time resulting to a better reliability 
assessment of the power supply system with backup battery storage. Cognizance towards the importance of 
unavailability and failure frequency for the power supply system with backup battery storage will render to a 
high reliability three-phase system. 
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